Introduction
============

Recent decades have seen rapidly growing interest in biomedical applications of new functional nanostructural materials based on semiconductors (quantum dots), carbon materials (fullerenes, nanotubes), and metals and their oxides (nanoparticles). A majority of currently produced nanomaterials are silver nanoparticles (SNPs), which are fabricated using physical, chemical, and biological (or green) syntheses.[@b1-ijn-11-6561] Regardless of the synthesis method, SNPs are used as antibacterial, antifungal, antiviral, antibiofilm, and anti-inflammatory drugs, as treatments for medical dressings and instruments, as drug delivery systems, to manufacture medical textiles and underclothes, for water purification filters, among other applications.[@b2-ijn-11-6561]--[@b5-ijn-11-6561] The advantage of SNPs is their high antimicrobial activity in combination with low toxicity in eukaryotes. Therefore, in many cases, SNPs may potentially substitute for antibiotics and prevent the development and spread of drug resistance in bacteria. Thus, there is a demand for SNPs with effective antibacterial properties and minimal effects on the cells of higher eukaryotes. At present, there are insufficient data for the rational design of SNPs with predefined biological properties; so the search for SNPs is carried out mostly through empirical means. This research focuses on the synthesis and specification of SNPs, an assessment of their antibacterial properties, and their in vivo effects in mammals.

Materials and methods
=====================

Synthesis of SNPs
-----------------

SNPs were fabricated using a modified method by which silver ions were reduced to their zero oxidation state and subsequently crystallized. Synthesis was performed in distilled water using β-cyclodextrin (Reachim, Moscow, Russia) as a capping agent to create clathrates for SNP formation that protect the forming nanoparticles from agglomeration and other destructive factors. Silver nitrate (Reachim) and plant secondary metabolites (Reachim) were used as the source of silver ions and the reducing agents, respectively. First, 23 mg of β-cyclodextrin powder was dissolved in 100 mL of distilled water and the β-cyclodextrin molecules agglomerated into clathrates. Next, plant secondary metabolites and sodium hydroxide were dissolved in distilled water and added to the solution containing β-cyclodextrin clathrates. The prepared mixture was vigorously blended to homogeneity by a magnetic stirrer at 500 rpm. Then, silver nitrate was added to the mixture, and the colorless solution changed to beige-yellow as a result of crystallization. Synthesis was performed at room temperature for 1 min. In 1 min all silver ions were incorporated into the SNPs, and the synthesis was terminated. To produce SNPs, the following reagent concentrations were used: 230 mg/L β-cyclodextrin, 180 mg/L plant secondary metabolites, 1.8 mL/L 1.0 M NaOH, and 0.3 mL/L 3.0 M AgNO~3~.

Physicochemical characterization of the SNPs
--------------------------------------------

SNP samples were characterized by UV/vis absorption (Shimadzu UV 1800; Shimadzu, Kyoto, Japan). The structural analysis was performed by X-ray diffraction (XRD; Shimadzu XRD 7000) and transmission electron microscopy (TEM) using a Jeol JEM-2100F microscope (Jeol, Tokyo, Japan; accelerating voltage 200 kV, point-to-point resolution 0.19 nm). The chemical analysis of the SNP solutions was carried out using an energy dispersive X-ray spectroscopy module (INCA, Oxford Instruments, Bristol, UK) attached to TEM (Jeol JEM-2100F). The size of the SNPs was characterized using TEM. Aliquots of the SNP solutions (5 and 10 μg/mL) were dropped onto a lacey carbon film supported by a copper grid and then air-dried before TEM observation. The particle sizes were characterized using conventional bright-field TEM images, and the structures were determined based on selected area electron diffraction patterns obtained from relatively large groups of particles. The mean size and standard deviation were calculated in random fields containing various numbers of particles. The morphology of the SNPs was analyzed by atomic force microscopy (SOLVER P47; ND-MDT, Moscow, Russia).

Used biological objects
-----------------------

The study was performed in *Escherichia coli* K802 cells with the genotype F^−^ e14^−^ (McrA^−^) lacY1 or Δ(lac)6 glnV44 galK2 galT22 rfbD1 metB1 mcrB1 hsdR2 (r~K~^−^ m~K~^+^), strain BL21 (DE3) *E. coli* cells with the genotype B F^−^ dcm ompT hsdS (r~B~^−^ m~B~^−^) gal λ (DE3), strain BL21 (DE3)/pGEX-4T-1 *E. coli* cells carrying the glutathione-S-transferase (GST) gene fusion plasmid vector (pGEX-4T-1; Amersham Biosciences, Buckinghamshire, UK), and strain BL21 (DE3)/pNdCTR1 *E. coli* cells carrying the N-terminal extracellular domain (198 bp) of human copper transporter 1 (CTR1; *SLC31A1* gene according to NCBI databases) cloned into pGEX-4T-1 ([Figure S1](#SD1-ijn-11-6561){ref-type="supplementary-material"}). The cells were grown aerobically in liquid or agar nutrient media based on bovine serum hydrolyzate (Samson-Med, St Petersburg, Russia) at 37°C. An antibiotic (ampicillin; Sigma-Aldrich, St Louis, MO, USA) was used at a concentration of 100 mg/L.

Seven-week-old male C57Bl/6 mice with body weights of 16--19 g were purchased from the Rappolovo nursery (Leningrad, Russia). The animals were maintained in polycarbonate cages with wood shavings in a temperature-controlled facility (23°C--25°C), with a 12:12-h light--dark cycle, 60% humidity with food and water ad libitum. The mice (n=24) were given daily intraperitoneal injections of the SNP solutions (10 μg/g of body weight) in phosphate-buffered saline (PBS; Na/K/Pi buffer, pH 7.4, physiological ionic strength). On the second, third, and fourth days after the first injection, eight mice were sacrificed and blood serum was obtained. The last group of mice was sacrificed at 12 h after the last injection. Thus, in this study, three experimental groups of mice (mice given two, three, and four treatments of SNPs) were used. The cumulative dose of SNPs in the last group was \~40 μg/g of body weight. Control mice of the same age (n=8) were used as the reference group.

The mice were sedated with diethyl ether vapor and euthanized by cervical dislocation, which was performed by skilled personnel. The animals used to isolate total RNA or subcellular fractions were anesthetized with oxybutyrate (1 g/kg of body weight). The blood samples were collected from the ocular vessels, and after clot formation, the serum was separated by centrifugation at 5,000× *g* for 10 min at 4°C. The liver tissues before isolation of total RNA, or subcellular fractions and silver concentration measurements were stored at −80°C until use.

Procedures involving animals and their care were conducted in conformity with institutional guidelines and are in compliance with national laws (Russian Federation, Ministry of Health N267, June 19, 2003; Guide for the Use of Laboratory Animals, Moscow, 2005). The studies were approved by the local Ethics Committee at the Institute of Experimental Medicine (protocol number N2/13 was approved on June 27, 2013).

Bacterial colony-forming ability measurements
---------------------------------------------

Bacterial cells were washed with sterile water and diluted 1:20 in a solution containing various concentrations of SNPs. Control cell samples were incubated in water. After treatment, the cells were titrated using the ten-fold dilution method to assess cell survival via their colony-forming ability on agar plates. Colonies were counted after 24 h of incubation at 37°C.

TEM analysis of *E. coli* treated with SNPs
-------------------------------------------

*E. coli* cells were cultured overnight, diluted 25-fold, and cultured in 200 mL of aqueous media containing 15 μg/mL SNPs for 45 min at 37°C. The cells treated with SNPs were then cultured in water at room temperature for \~2 h. A portion of the cells was centrifuged for 5 min at 2,000× *g* and then resuspended in water; these cells were named as "washed cells." The carbon-coated copper grids were dampened with the bacterial suspensions, dried in air at room temperature, and then observed using TEM.

Flow cytometry analysis
-----------------------

*E. coli* cells were cultured overnight in complex media, collected, and washed once with sterile water. The cells were diluted 100 times and cultured in 25 mL of sterile H~2~O (control) or 25 mL of sterile H~2~O with 100 μM of SNPs at 37°C for 4 h. Five milliliter aliquots of the bacterial culture were collected in 2 and 4 h and washed once with 1 mL of cold, filtered 1× PBS. Next, the cells were resuspended in 100 μL of 1× Annexin V-binding buffer (10 mM HEPES, pH 7.4, 140 mM NaCl, 2.5 mM CaCl~2~) and incubated with 5 μL of FITC-conjugated Annexin V and 2 μL of propidium iodide (PI; BD Pharmingen, San Diego, CA, USA) for 15 min at room temperature in the dark. The samples were diluted by the addition of 400 μL 1× Annexin V-binding buffer, placed on ice, and analyzed by flow cytometry within 15 min. The data were collected using a BD Accuri C6 instrument (Accuri Cytometers, Ann Arbor, MI, USA).

Relative mRNA level measurements
--------------------------------

Total RNA extraction, measurements of the RNA concentration and its purity, the design and structure of primers, and parameters of the reverse transcription (RT) and polymerase chain reaction (PCR) procedures have been described previously.[@b6-ijn-11-6561] The PCR products were analyzed on a 1.4% agarose gel stained with ethidium bromide, and the data were processed using ImageJ software. The results were expressed in arbitrary units as a ratio between the amount of the specified mRNA PCR product and the amount of the PCR product of β-actin obtained from the same RNA preparations under similar conditions. Each value was combined from three independent PCR replicas of cDNA samples obtained from three mice. The results are presented as bar charts.

Immunoblotting (Western blot \[WB\])
------------------------------------

For WB analysis, the protein concentrations of the samples were equalized and the proteins were separated by electrophoresis using an 8% polyacrylamide gel with 0.1% sodium dodecyl sulfate according to the Laemmli method. Protein transfer, control of the quality and uniformity of transfer, blocking with 5% nonfat milk, blotting with primary rabbit antibodies against rat ceruloplasmin (Cp) that cross-reacted with murine Cp, and visualization of the immune complexes were performed as described previously.[@b6-ijn-11-6561] Hybond enhanced chemiluminescence (ECL) nitrocellulose membrane, ECL reagent, ECL hyperfilm (GE Healthcare, Piscataway, NJ, USA), and horseradish peroxidase-conjugated goat anti-rabbit secondary antibodies (Abcam, Cambridge, UK) were used. The film was processed using the method reported by Aldridge et al.[@b7-ijn-11-6561] Protein markers with molecular masses ranging from 14.4 to 116 kDa were purchased from Thermo Scientific (Swedesboro, NJ, USA).

Isolation of cytosolic and Golgi complex membrane-enriched fractions
--------------------------------------------------------------------

The fractions enriched with Golgi complex membranes were isolated by differential centrifugation. Tissue samples were homogenized (1:9 w/v) in buffer A containing 250 mM sucrose, 100 mM KCl, 5 mM MgCl~2~, 10 mM Tris-HCl (pH 7.4), 5 mM dithiothreitol, and 0.5 μL/mL protease inhibitor cocktail (Sigma-Aldrich) using a T10 basic homogenizer (IKA, Staufen, Germany) at a maximum power for three cycles of twenty seconds each. The homogenate was centrifuged at 800× *g* for 10 min. The 800× *g* supernatant was centrifuged at 12,000× *g* for 20 min to separate the mitochondria, lysosomes, and peroxisomes. The resulting supernatant was centrifuged (23,000× *g* for 1 h) to sediment the Golgi complex membranes. The pellet was resuspended with buffer A and used as the Golgi complex membrane-enriched fraction. The fraction was incubated with Triton X-100 at a final concentration of 1% for 30 min at 0°C, clarified by centrifugation at 15,000× *g* for 1 h, and used to determine the Cp protein levels by WB. The supernatant obtained from the 23,000× *g* centrifugation (cytosol) was used to measure superoxide dismutase 1 (SOD1) activity.

Other methods
-------------

Specific activities of cuproenzymes were detected using the assay-in-gel method. After non-denaturing polyacrylamide gel electrophoresis gels were stained with o-dianisidine to reveal the Cp oxidase activity[@b8-ijn-11-6561] or with nitro blue tetrazolium to examine SOD activity.[@b9-ijn-11-6561] The total protein concentration was determined using the Bradford assay with bovine serum albumin as a calibration standard. Metal concentrations were measured using graphite furnace atomic absorption spectrometry with a Zeeman correction of nonselective absorption using a ZEEnit 650P spectrometer (Analytik Jena, Jena, Germany). The samples were homogenized in PBS and then dissolved in pure HNO~3~. All solutions were prepared in deionized water. The reagents used for protein and nucleic acid electrophoresis and the salts were purchased from Sigma-Aldrich (St Louis, MO, USA) and Merck (Darmstadt, Germany).

The data are presented as mean ± standard deviation. The significance of changes was determined by unpaired two-tailed Student's *t*-tests; the changes were considered significant at *P*\<0.05 (Statistica 6.0; StatSoft Inc., Tulsa, OK, USA).

Results
=======

SNP specification
-----------------

SNPs were fabricated by reducing silver ions to atomic state in a molecular host system consisting of β-cyclodextrin clathrates. The physical and chemical properties of the SNPs are summarized in [Figure 1](#f1-ijn-11-6561){ref-type="fig"}. The absorption spectrum of the SNPs presented a highly symmetric band of absorption, with peak maxima at 400 nm ([Figure 1A](#f1-ijn-11-6561){ref-type="fig"}), which indicates the excitation of surface plasmons typical of SNPs. In addition, a broad peak was observed between 350 and 420 nm, indicating the formation of SNPs. Further characterization was performed to confirm the crystalline nature of the SNPs. The XRD spectra for the SNPs revealed four peaks over the entire spectrum of 2θ values, ranging from 37° to 80° ([Figure 1B](#f1-ijn-11-6561){ref-type="fig"}). A comparison of the XRD spectra with the standard ones confirmed that the formed SNPs were nanocrystals, as evidenced by the peaks at 2θ values of 32.3°, 46.3°, 57.5°, and 77.0°, which corresponded to the (111), (200), (220), and (311) planes for silver, respectively ([Figure 1C](#f1-ijn-11-6561){ref-type="fig"}). The fabricated SNPs were spherically shaped ([Figure 1D and E](#f1-ijn-11-6561){ref-type="fig"}). As seen in [Figure 1F](#f1-ijn-11-6561){ref-type="fig"}, the size distribution of the SNPs was uneven, ranging from 15 to 35 nm; most SNPs were \~20 nm in diameter. When stored in darkness at room temperature, the aqueous solution of SNPs was stable, no new species were formed, and the color did not change for 6 months. The SNPs added to the bacteria-rich growth media gradually turned black in color. In the 0.005 M SNP solution, the SNPs were prone to weak, reversible aggregation. Therefore, before use, the SNPs were subjected to ultrasonic treatment using UZDN-2T instrument (Akadempribor, Sumi, Ukraine) at 37 kHz for 5 min without heating. The treatment did not change the biological activities of the SNPs, and TEM showed that the particles did not change in shape or size.

Antibacterial properties of SNPs
--------------------------------

The studied SNPs displayed a profound concentration- and time-dependent antibacterial effect against *E. coli* cells ([Figure 2](#f2-ijn-11-6561){ref-type="fig"}). In this study, a special *E. coli* strain expressing the extracellular domain of human CTR1 protein (NdCTR1) fused with GST was also used. CTR1 is a transmembrane protein in the plasma membrane, which is an evolutionarily conserved, high-affinity copper importer in eukaryotes.[@b10-ijn-11-6561] The soluble extracellular domain (66 a. a. residues in human CTR1) contains three motifs that normally bind Cu(II) and Cu(I), but can also effectively bind Ag(I). The data, which are presented in [Figure 3](#f3-ijn-11-6561){ref-type="fig"}, demonstrated that the expression of NdCTR1 in *E. coli* cells rescued these cells from the SNP-induced toxicity in a dose- and time-dependent manner.

According to the TEM data, the SNPs were adsorbed onto the *E. coli* cells; the treatment of cells with SNPs did not cause any visible changes in the morphology of the cell wall ([Figure 4A and B](#f4-ijn-11-6561){ref-type="fig"}). The particles did not form large agglomerates and produced an irregular pattern on the cell, with relatively constant density. Washing SNPs did not result in profound desorption or significant loss of the particles ([Figure 4C](#f4-ijn-11-6561){ref-type="fig"}). Flow cytometry showed that the SNPs induced time- and concentration-dependent apoptosis-like *E. coli* cell death ([Figure 5](#f5-ijn-11-6561){ref-type="fig"}). The data demonstrated that the number of Annexin V-binding sites increased during incubation with SNPs by a factor of five.

SNPs interfere with copper metabolism in the murine liver
---------------------------------------------------------

In mice receiving a maximum dose of SNPs, the relative distribution of silver throughout the body was measured. The results indicated that silver was distributed unevenly ([Figure 6](#f6-ijn-11-6561){ref-type="fig"}); the liver, lung, and spleen, which altogether comprised \~10% of the body weight, contained \~60% of the cumulative dose. The highest concentration of silver was found in the liver, followed by the spleen, lung, and kidney; the lowest concentration was found in the brain. Within 2 days following the SNP injection, the oxidase activity of blood serum reduced by 30% ([Figure 7A and D](#f7-ijn-11-6561){ref-type="fig"}) and then dropped progressively, reaching 1/6 of its initial value within 4 days. The relative content of Cp protein, which is responsible for the oxidase activity of blood serum, was determined by WB using antibodies to rat Cp (which cross-react with mouse Cp, [Figure 7B](#f7-ijn-11-6561){ref-type="fig"}). The relative content of the Cp protein did not change following the SNP injection ([Figure 7C and D](#f7-ijn-11-6561){ref-type="fig"}). WB revealed only \~130 kDa polypeptides, which correspond to full-size Cp molecule ([Figure 7C](#f7-ijn-11-6561){ref-type="fig"}). In the liver cells of mice that received four SNP injections, the relative content of mature Cp-mRNA, as measured by RT-PCR ([Figure 8A](#f8-ijn-11-6561){ref-type="fig"}), and the content of Cp protein in the Golgi complexes, as estimated by semiquantitative WB ([Figure 8B](#f8-ijn-11-6561){ref-type="fig"}), did not change significantly. These data indicated that the SNPs only influenced the enzymatic oxidase activity of Cp without affecting Cp synthesis or secretion. In the liver cells of SNP-treated mice, the activity of Cu^2+^, Zn^2+^-SOD1, the major cytosolic cuproenzyme, was not affected ([Figure 8C](#f8-ijn-11-6561){ref-type="fig"}). Dark-colored inclusions were observed in the abdominal cavities of the mice that received the largest dose of SNPs. The inclusions resembled beads on a string and were associated with adipose tissue and blood vessels entering the liver. The topological location and geometry of the inclusions were similar in different mice ([Figure 8D and E](#f8-ijn-11-6561){ref-type="fig"}). The "beads" were encapsulated.

Discussion
==========

This study reports the SNPs synthesis, mechanism of their antibacterial effects, and ability of new SNPs to interfere with mammalian copper metabolism. The fabricated preparation of SNPs was a stable, homogeneous, aqueous suspension of spherically shaped, crystalline SNPs with an average linear size of 20 nm ([Figure 1](#f1-ijn-11-6561){ref-type="fig"}). The SNPs apparently corroded in biological media, as the growth media with bacteria containing SNPs gradually blackened due, most likely, to the formation of silver sulfide. This observation is in agreement with data showing the possible corrosion of SNPs in aqueous systems.[@b11-ijn-11-6561]

The fabricated SNPs induced the death of bacterial cells in a concentration- and time-dependent manner ([Figure 2](#f2-ijn-11-6561){ref-type="fig"}). The *E. coli* cells expressing recombinant NdCTR1, which can effectively bind Ag(I),[@b12-ijn-11-6561] displayed increased resistance to SNPs ([Figure 3](#f3-ijn-11-6561){ref-type="fig"}); therefore, it may be assumed that the formation of bioavailable silver ions underlies the antibacterial properties of the SNPs.

The TEM data ([Figure 4](#f4-ijn-11-6561){ref-type="fig"}) indicated that the SNPs were adsorbed onto the *E. coli* cells and could not be easily totally washed off. It is possible that the corroding SNPs were retained by electrostatic interactions with the lipopolysaccharides and/or glutamate residues of 4-mer peptide, which cross-links the chains of muramic acid to form the cell wall. These findings further confirmed that the morphologic surface of the bacteria interacted with the SNPs.[@b13-ijn-11-6561] No SNP agglomerates like those described by Bao et al[@b14-ijn-11-6561] were observed in the cells. Thus, the results agreed with data that also showed the absence of agglomerates in the bacterial cell cytoplasm.[@b13-ijn-11-6561]

Reports of fabricated SNPs without bactericidal properties have not been found. Perhaps, bacteriotoxicity is a universal property of SNPs. Most previous research studies assume that SNPs enter the cells, where they induce the formation of reactive oxygen species (ROS), which subsequently oxidize DNA, lipids, and proteins to produce genotoxic effects and impair protein folding, ultimately resulting in cell death. The increase of ROS levels in various cell types treated with SNPs has been confirmed by the direct measurement of ROS concentrations.[@b15-ijn-11-6561]--[@b18-ijn-11-6561] However, the efficient formation of ROS (through the Fenton reaction) is typical for transition metal ions, such as the Fe(II)/Fe(III) and Cu(I)/Cu(II) pairs, but not the Ag(0)/Ag(I) pair. It is possible that the SNPs, which are adsorbed onto the cell surface and have close contact with the cell, are gradually oxidized by electron acceptors (eg, NAD^+^ and NADP^+^). The coordination and stabilization resulting from Ag(I) formation by small biomolecules (eg, amino acids) favor oxidation. Then, the Ag(I) ions can be captured by Cu(I) transporting proteins, which all have high affinity to Ag(I). Finally, Ag(I) ions are incorporated into the bacterial copper metabolism. At the same time, it is also possible that SNPs on bacteria surface cause disturbances in cell division, so this could be one more mechanism for their toxicity.

*E. coli* cells use copper as a catalytic cofactor in enzymes involved in the antioxidant defense system, the respiratory electron transport chain, the shikimate pathway, which is responsible for the biosynthesis of aromatic amino acids, and so on. Copper is presumably taken up by *E. coli* cells nonspecifically through porins,[@b19-ijn-11-6561] and free copper ions lead to toxic ROS formation.[@b20-ijn-11-6561] However, the cells have a multicomponent homeostatic system for the detoxification and efflux of copper ions that are not recruited by cuproenzymes.[@b21-ijn-11-6561] This system includes the P-type Cu(I)-ATPase CopA[@b22-ijn-11-6561] (a homologue of the mammalian protein ATP7A[@b23-ijn-11-6561]), the multi-copper oxidase CueO, which oxidizes periplasmic Cu(I) to Cu(II) and possibly reduces the additional influx of copper into the cytoplasm,[@b24-ijn-11-6561] and the four-part Cus copper proton-driven efflux complex CusCFBA, which accepts Cu ions from CopA and extrudes copper out of the cell.[@b25-ijn-11-6561],[@b26-ijn-11-6561] The expression of the corresponding genes is positively controlled by copper-activated transcription factors.[@b27-ijn-11-6561] All of these proteins are able to recognize and bind both Cu(I) and Ag(I) ions.[@b28-ijn-11-6561]

It is possible that the massive influx of Ag(I) into the cells causes competitive displacement of Cu(I) from the copper excretion system, the inclusion of Ag(I) into the active centers of CueO (a Cp paralog[@b29-ijn-11-6561]), and the inhibition of its Cu(I)-detoxificating function. For these reasons, in the case of Ag(I) excess, the levels of intracellular Cu(I) that are not enveloped by transport proteins ("unbound" copper) increase. Note that it is the Cu(I) oxidation state that is prone to initiate Fenton reactions and promote ROS formation. The excess of "unbound" copper is accompanied by the deficiency of cuproenzymes, including bacterial Cu^2+^, Zn^2+^-SOD, which normally provides protection against ROS in the periplasmic space. Thus, ROS and oxidation products accumulate, causing membrane depolarization (detected with Annexin V) and subsequent cell death (detected with PI); these events that are specific traits of apoptosis-like death[@b30-ijn-11-6561] were observed in the experiments ([Figure 5](#f5-ijn-11-6561){ref-type="fig"}). The results agree with previous experiments that demonstrated the ability of SNPs to induce apoptosis-like death.[@b31-ijn-11-6561] Thus, it is possible that the antimicrobial effect of SNPs in *E. coli* cells is caused by oxidative stress resulting from ROS production via the Fenton reaction due to the increase of "unbound" Cu(I) and the decrease of protective cuproenzymes (Cu^2+^, Zn^2+^-SOD) from Ag(I) intervention in the bacterial copper homeostatic system.

The use of SNPs in medical applications requires testing of their effects in mammals in vivo. It is commonly accepted that SNPs have low toxicity in higher eukaryotes. However, such data are scarce, mostly phenomenological, highly discrepant, and cannot be easily related to each other. It was previously shown that relevant toxic effects (mid-zonal hepatocellular necrosis and gall bladder hemorrhage) develop in mice following a single intravenous injection of 10 nm of SNPs at a dose of 10 μg/g body weight in 24 h.[@b32-ijn-11-6561] However, the 40 and 100 nm SNPs showed mild or negligible toxicity.[@b32-ijn-11-6561] This analysis has demonstrated that the intraperitoneal injection of four such doses of 20 nm SNPs over 4 days did not cause toxic effects. It is possible that the toxic effect depends on the method of injection; alternatively, the SNPs fabricated in this study may have very low toxicity to mammals. In this study, distribution of silver through the murine bodies ([Figure 6](#f6-ijn-11-6561){ref-type="fig"}) was similar as described in previous work.[@b32-ijn-11-6561] In both cases, silver was accumulated by the inner organs, especially the liver, and was practically undetected in the brain. It has also been reported that 100 nm SNPs from ambient air can reach the human brain and may be associated with neurodegeneration.[@b33-ijn-11-6561] Earlier, it has been shown that the concentration of silver atoms in the brain was very low following the intraperitoneal injection of 15 nm SNPs. However, when intranasal injection was used, significant amounts of silver were found in the brain, especially in the olfactory bulbs.[@b34-ijn-11-6561] Perhaps in mammals, the distribution of silver from the SNPs depends on the size of the SNPs and the mode of application. For the first time, it was observed that a fraction of SNPs had accumulated in the extracellular space in the shape of visible, encapsulated granules with relatively constant sizes ([Figure 8D and E](#f8-ijn-11-6561){ref-type="fig"}). The granules may be formed by interactions between the SNPs and extracellular proteins;[@b35-ijn-11-6561] this possibility is exemplified by studies using serum albumin in vitro.[@b36-ijn-11-6561] The mechanism of granule formation and their chemical nature warrant further study.

In mice that received the largest dose of SNPs, a six-fold decrease in blood serum Cp oxidase activity was observed ([Figure 7A](#f7-ijn-11-6561){ref-type="fig"}). Blood serum Cp is a multifunctional, multi-copper blue oxidase synthesized by liver cells. Cp functions as a copper source for non-hepatic cells, it is an indispensable copper source for developing embryos, and it participates in iron transport as ferroxidase. Cp is also a member of the extracellular antioxidant system that can oxidize biogenic amines. There are also suggestions that Cp has other unstudied biological activities.[@b37-ijn-11-6561]--[@b39-ijn-11-6561] SNPs did not affect the transcription of the *Cp* gene, the translation of Cp-mRNA, or Cp secretion ([Figure 7C](#f7-ijn-11-6561){ref-type="fig"} and [8A and B](#f8-ijn-11-6561){ref-type="fig"}). Moreover, SNPs did not impair the activity of the cytosolic cuproenzyme SOD1 ([Figure 8C](#f8-ijn-11-6561){ref-type="fig"}). The accumulation of silver in the liver and its differential effects on the activity of the two cuproenzymes of hepatic origin (Cp, decreased activity; SOD1, unaffected) might be explained by the different coordination sphere of copper in these two proteins. The copper-binding site of Cp (blue copper site) contains cysteine residues, which are a favorable ligand for Cu(I)/Ag(I), whereas the SOD1 copper site contains only histidine residues.

Despite some level of discord, the data obtained in eukaryotes from different phylogenetic groups generally support the idea that the effects of SNPs can be related to the organization of the copper metabolic system. For instance, it has been shown that the lifelong feeding of fruit flies with food containing SNPs produced no negative effects on the median survival. However, these flies appeared uniformly lighter in body color due to the loss of melanin pigments in their cuticles. Additionally, the fertility of the SNP-fed flies was compromised, and the activities of copper-dependent enzymes (tyrosinase and SOD1) were significantly decreased despite the constant levels of copper present in the tissue.[@b40-ijn-11-6561] In *Caenorhabditis elegans*, treatment with exogenous SNPs dramatically decreased reproductive potential but increased the expression of Cu^2+^, Zn^2+^-SOD3.[@b41-ijn-11-6561] These diverse effects may result from the specific traits of copper metabolism in distant phylogenetic groups.

The data presented herein allow us to think that silver ions, which are produced by the gradual corrosion of SNPs, interfere with copper metabolism. The most profound effect is the insertion of silver into Cp in the liver. It is possible that the chronic application of SNPs will result in deficiency of Cp oxidase activity, which will affect cuproenzyme levels in various mammalian organs. It is also quite probable that the effects of SNPs depend on the specific properties of copper homeostatic systems in different organs. At present, it is difficult to evaluate the influence of SNPs on whole mammalian organisms. An additional obstacle is the absence of data showing the influence of SNPs on nonenzymatic copper functions, including neovascularization,[@b42-ijn-11-6561] NF-kB-, p53- and HIF1-dependent pathways,[@b43-ijn-11-6561]--[@b45-ijn-11-6561] other signaling pathways,[@b46-ijn-11-6561]--[@b48-ijn-11-6561] and neurotransmission.[@b49-ijn-11-6561] These aspects have not yet been studied in vivo.

Conclusion
==========

In summary, it is concluded that the fabricated SNPs possess profound antibacterial activities and do not display acute toxicity in mammals. The biological activity of the SNPs was mediated by the formation of bioavailable forms of silver during the contact between SNPs and biological fluids and their interference with copper metabolism.

Supplementary material
======================

###### 

Description of *Escherichia coli* cells expressing metal-binding fragment of human CTR1.

**Notes:** Total RNA fraction was extracted from cultured HepG2 cells and used as template for cDNA synthesis. A 198 bp fragment of *Slc31a1* gene, corresponding to extracellular N-terminal domain (ectodomain) of human CTR1 (hNdCTR1), was amplified by PCR from the cDNA, using forward (5′cagggatccgatcattcccaccatatggggatg3′) and reverse (5′cagctcgagtccagctgtattgatcacca3′) primers (Synthol, Moscow, Russia). The purified fragment (GeneJET PCR Purification Kit; Thermo Fisher Scientific, Pittsburgh, PA, USA) was then digested with the restriction enzymes BamH I and Xho I (New England Biolabs, Beverly, MA, USA) and cloned into glutathione-S-transferase (GST) gene fusion plasmid vector pGEX-4T-1 (Addgene, Amersham Biosciences, Buckinghamshire, UK); the resulting plasmid was named pNdCTR1. *E. coli* strain BL21 (DE3)/pNdCTR1 was obtained by chemical transformation (TransformAid™; Thermo Scientific) of bacteria. Plasmids were isolated using the alkaline method set GeneJET Plasmid Miniprep Kit (Thermo Scientific). The correctness of DNA insert was verified by restriction analysis and direct sequencing. (**A**) Primary structure of the human CTR1 N-terminal extracellular domain (66 amino acid residues) cloned in strain BL21 (DE3)/pNdCTR1 *E. coli* cells. Arabic numerals show Cu(I)/Ag(I)-binding motifs of the ectodomain. (**B**) Schema of plasmid carrying CTR1 ectodomain. NdCTR1 represents the cloned 198 bp fragment of *SLC31A1* gene corresponding to extracellular N-terminal domain of human CTR1 protein. \*Primary nucleotide structure of NdCTR1. (**C**) NdCTR1 expression in *E. coli.* Cells were induced with optimum concentration of IPTG (0.5 mM) during 3.5 h; crude cell SDS extracts were analyzed by PAGE. Left: M, molecular weight protein markers; 1, empty plasmid (GST expressed only); 2, 1BL21(DE3)/pNdCTR1 cells (fusion GST + NdCTR1). Gel was stained with Coomassie R250. Right (top): PAGE of *E. coli* BL21 (DE3)/pNdCTR1 crude SDS-extracts; 1, 3, and 5 -- without IPTG induction; 2, 4, and 6 -- with IPTG induction during 0, 1.5, and 3.5 h, respectively. Below: Immunoblotting the same samples with antibodies to CTR1 15-mer (^17^T ... H^31^) peptide that was synthesized and conjugated with hemocyanin; the conjugates were then used to immunize rabbits. To test the specificity of the obtained antibodies, conjugates of the peptide with succinylated bovine serum albumin were used.

**Abbreviations:** CTR1, Copper transporter 1; PCR, polymerase chain reaction; GST, glutathione-S-transferase; GST-NdCTR1, glutathione-S-transferase-N-terminal domain of CTR1; pNdCTR1, pGEX-4T-1 expression vector containing gene for NdCTR1; NdCTR1, N-terminal domain of CTR1; BL21 (DE3)/pGEX-4T-1, *E. coli* strain synthesizing GST; BL21 (DE3)/pNdCTR1, *E. coli* strain synthesizing GST-NdCTR1; IPTG, isopropyl β-D-1-thiogalactopyranoside; Ptac, promoter; Amp^r^, β-lactamase gene, responsible for resistance to ampicillin; SDS, sodium dodecyl sulfate; PAGE, polyacrylamide gel electrophoresis.
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![Physicochemical properties of SNPs.\
**Notes:** (**A**) UV/vis absorption spectrum; (**B**) X-ray diffractogram; (**C**) electron diffraction of the SNPs in the selected area; (**D**) images of the SNPs obtained by atomic force microscopy; (**E**) images of the SNPs obtained by transmission electron microscopy; (**F**) distribution of the SNPs according to their linear size.\
**Abbreviations:** SNPs, silver nanoparticles; UV/vis, ultraviolet/visible.](ijn-11-6561Fig1){#f1-ijn-11-6561}

![Antibacterial effects of SNPs.\
**Notes:** (**A**) Protocol of the experiment demonstrating the dose- and time-dependent effects of SNPs. (**B**) Histogram survival of *Escherichia coli* cells after treatment with SNPs.\
**Abbreviations:** SNPs, silver nanoparticles; CFU, colony-forming unit.](ijn-11-6561Fig2){#f2-ijn-11-6561}

![Survival of *Escherichia coli* cells expressing the fusion protein GST-NdCTR1 or GST depends on the time of treatment with silver nanoparticles.\
**Notes:** (**A**) Protocols of the experiments demonstrating that NdCTR1 rescued bacteria treated with the SNPs. (**B** and **C**) Histograms showing survival of *E. coli* cells expressing GST (black) or GST-NdCTR1 (gray) after treatment with 10 μM SNPs and 100 μM SNPs.\
**Abbreviations:** SNPs, silver nanoparticles; NdCTR1, N-terminal domain of CTR1; GST-NdCTR1, glutathione-S-transferase-N-terminal domain of CTR1; BL21 (DE3)/pGEX-4T-1, *E. coli* strain synthetizing GST; BL21 (DE3)/pNdCTR1, *E. coli* strain synthetizing GST-NdCTR1; CFU, colony-forming unit.](ijn-11-6561Fig3){#f3-ijn-11-6561}

![TEM micrograph observations of *Escherichia coli* cells.\
**Notes:** (**A**) Control group, no SNP treatment. Typical morphology of *E. coli* showing the integrity of the cell membrane was observed. (**B**) *E. coli* treated with 10 μg/mL SNPs. The electron-dense granules can also be observed. (**C**) *E. coli* stimulated with 10 μg/mL SNPs and then washed.\
**Abbreviations:** TEM, transmission electron microscopy; SNPs, silver nanoparticles.](ijn-11-6561Fig4){#f4-ijn-11-6561}

![SNP-induced apoptosis-like death of *Escherichia coli* cells.\
**Notes:** (**A**) Flow cytometric analysis of untreated cells (control) and (**B**) cells treated with SNPs. Annexin V-PI staining was used to determine apoptosis-like death of the bacteria. (**C** and **D**) Statistical analysis for percentage of bacteria undergoing apoptosis; a one-way ANOVA test was followed by Tukey's multiple comparison test (n=3). (**C**) The percentage of bacteria undergoing apoptosis at the early stage, including bacteria in the PI-negative, Annexin V-positive quadrant. (**D**) The percentage of bacteria undergoing apoptosis at the middle and late stages, including bacteria in the PI-positive, Annexin V-positive quadrant.\
**Abbreviations:** SNPs, silver nanoparticles; SSC-H, side scattering; FCS-H, forward scattering; PI, propidium iodide; ANOVA, analysis of variance.](ijn-11-6561Fig5){#f5-ijn-11-6561}

![Distribution of silver in mice treated four times with SNPs.\
**Note:** Ordinate: relative contents of silver to cumulative dose of SNPs.\
**Abbreviations:** SNPs, silver nanoparticles; L, liver; S, spleen; Lu, lung; K, kidney; B, brain; R, remaining tissues.](ijn-11-6561Fig6){#f6-ijn-11-6561}

![SNPs effects on blood serum copper status.\
**Notes:** (**A**) Silver nanoparticles decrease oxidase activity in mice blood serum. Oxidase activity of the serum samples, (a) in control mice, (b) after the second, (c) third, and (d) fourth injections of SNPs. Serum (1.5 μL) was used for each analysis. Serum samples were fractioned in an 8% PAG by non-denaturing electrophoresis. (**B**) Antibodies to rat Cp cross-react with mouse Cp. Right: non-denaturing electrophoresis in an 8% PAG using 1 μL samples of human (1), rat (2), and mouse (3) blood sera; the gel is stained by o-dianisidine. Left: WB of 0.1 μL samples of the same sera with antibodies to rat Cp; non-denaturing electrophoresis in an 8% PAG, immune zones were revealed by α-naphthol. (**C**) SNPs do not affect Cp protein content in mouse blood serum. WB of 0.05 μL samples of mouse blood sera (the samples are similar to those in \[A\]), after electrophoresis in an 8% PAG with 0.1% SDS. (a) Control mice, (b) after the second, (c) third, and (d) fourth injections of SNPs. (**D**) Statistical analysis of data, exemplified by images (**A** and **C**). Abscissa: 1--4 correspond to a--d in (**A** and **C**). Light bars, oxidase activity; dark bars, Cp protein content. Data are presented as the means ± standard deviation (n=8 in each group of animals). \**P*\<0.05; \*\**P*\<0.005; \*\*\**P*\<0.001.\
**Abbreviations:** SNPs, silver nanoparticles; PAG, polyacrylamide gel; Cp, ceruloplasmin; WB, Western blot; SDS, sodium dodecyl sulfate; a.u., arbitrary units; OA, oxidase activity.](ijn-11-6561Fig7){#f7-ijn-11-6561}

![SNPs do not change ceruloplasmin gene transcription and translation levels.\
**Notes:** (**A**) SNP treatment does not affect transcriptional activity of the Cp gene. Electrophoresis of RT-PCR products with primers for (a) β-actin cDNA and (b) ceruloplasmin cDNA; (c) relative content of Cp-mRNA in liver cells of control mice (light bars) and SNP-treated mice (Ag, four SNP injections, dark bars). Ordinate: relative mRNA level, a.u. (**B**) SNP treatment does not affect Cp protein synthesis in the liver. (a) WB of Golgi complex proteins from liver cells with antibodies against rat Cp; the arrow indicates position of the 116 kDa protein marker. (b) Relative content of Cp protein in the Golgi complex fraction of control mice (light) and mice treated with four injections of SNPs (dark). Ordinate: a.u. (**C**) Cytosolic SOD activity did not change in mice treated with four injections of SNPs. SOD1 activity was assessed using an in-gel assay. Each lane was loaded with 80 μg of cytosolic proteins. (a) Control mice, (b) SNP-treated mice, and (c) relative level of SOD1 activity: light column, control; dark column, SNP-treated mice. Ordinate: a.u. (**D** and **E**) Dark spherical inclusions are observed in adipose tissue of mice treated with four injections of SNPs. Arrows indicate the revealed granules.\
**Abbreviations:** SNPs, silver nanoparticles; Cp, ceruloplasmin; RT-PCR, reverse transcription polymerase chain reaction; WB, Western blot; SOD1, superoxide dismutase 1; a.u., arbitrary units.](ijn-11-6561Fig8){#f8-ijn-11-6561}
